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Jargon

• dynamical ejecta - ejected moments
before merger neutron rich material
0.01-0.1M⊙

• shock breakout - shock passes
through the dynamical ejecta -
produces soft thermal spectrum

• structured jet - jet with lateral structure
as a function of angle from axis

• kilonova - powered by radioactive
decay of r-process elements in dyn.
ej. (≲ 10 day timescale)

• r-process - rapid neutron capture
favorable conditions in dyn. ej. - high
Z elements
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Literature on 170817 - Many, many papers
• Metzger (kilonova), Burns (gamma-ray,

future prospects), Margutti (afterglow), Nakar
(all EM)

• Discovery paper: Abbott et al.,
(LIGO-Virgo+)

• GW-GRB paper: Abbott et al., (LIGO,
Fermi-GBM, INTEGRAL)

• GRB paper: Goldstein, Veres et al.
• Interesting: late follow up (Troja+,

Ghirlanda+...)
• Cocoon, off-axis (Kasliwal et al. 2017)
• Collection of relevant papers:

https://ui.adsabs.harvard.edu/public-libraries/
56xnUi8oSS6prW-X_bfDOg
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Abstract

On 2017 August 17 a binary neutron star coalescence candidate (later designated GW170817) with merger time
12:41:04 UTC was observed through gravitational waves by the Advanced LIGO and Advanced Virgo detectors. The
Fermi Gamma-ray Burst Monitor independently detected a gamma-ray burst (GRB 170817A) with a time delay of
_1.7 s with respect to the merger time. From the gravitational-wave signal, the source was initially localized to a sky
region of 31 deg2 at a luminosity distance of �

�40 8
8 Mpc and with component masses consistent with neutron stars. The

component masses were later measured to be in the range 0.86 to 2.26 :M . An extensive observing campaign was
launched across the electromagnetic spectrum leading to the discovery of a bright optical transient (SSS17a, now with
the IAU identification of AT 2017gfo) in NGC 4993 (at _40 Mpc) less than 11 hours after the merger by the One-
Meter, Two Hemisphere (1M2H) team using the 1 m Swope Telescope. The optical transient was independently
detected by multiple teams within an hour. Subsequent observations targeted the object and its environment. Early
ultraviolet observations revealed a blue transient that faded within 48 hours. Optical and infrared observations showed a
redward evolution over ∼10 days. Following early non-detections, X-ray and radio emission were discovered at
the transient’s position _9 and _16 days, respectively, after the merger. Both the X-ray and radio emission likely
arise from a physical process that is distinct from the one that generates the UV/optical/near-infrared emission. No
ultra-high-energy gamma-rays and no neutrino candidates consistent with the source were found in follow-up searches.
These observations support the hypothesis that GW170817 was produced by the merger of two neutron stars in
NGC 4993 followed by a short gamma-ray burst (GRB 170817A) and a kilonova/macronova powered by the
radioactive decay of r-process nuclei synthesized in the ejecta.

Key words: gravitational waves – stars: neutron

1. Introduction

Over 80 years ago Baade & Zwicky (1934) proposed the idea
of neutron stars, and soon after, Oppenheimer & Volkoff (1939)
carried out the first calculations of neutron star models. Neutron
stars entered the realm of observational astronomy in the 1960s by
providing a physical interpretation of X-ray emission from
ScorpiusX-1(Giacconi et al. 1962; Shklovsky 1967) and of
radio pulsars(Gold 1968; Hewish et al. 1968; Gold 1969).

The discovery of a radio pulsar in a double neutron star
system by Hulse & Taylor (1975) led to a renewed interest in
binary stars and compact-object astrophysics, including the
development of a scenario for the formation of double neutron
stars and the first population studies (Flannery & van den

Heuvel 1975; Massevitch et al. 1976; Clark 1979; Clark et al.
1979; Dewey & Cordes 1987; Lipunov et al. 1987; for reviews
see Kalogera et al. 2007; Postnov & Yungelson 2014). The
Hulse-Taylor pulsar provided the first firm evidence(Taylor &
Weisberg 1982) of the existence of gravitational waves(Ein-
stein 1916, 1918) and sparked a renaissance of observational
tests of general relativity(Damour & Taylor 1991, 1992;
Taylor et al. 1992; Wex 2014). Merging binary neutron stars
(BNSs) were quickly recognized to be promising sources of
detectable gravitational waves, making them a primary target
for ground-based interferometric detectors (see Abadie et al.
2010 for an overview). This motivated the development of
accurate models for the two-body, general-relativistic dynamics
(Blanchet et al. 1995; Buonanno & Damour 1999; Pretorius
2005; Baker et al. 2006; Campanelli et al. 2006; Blanchet
2014) that are critical for detecting and interpreting gravita-
tional waves(Abbott et al. 2016c, 2016d, 2016e, 2017a, 2017c,
2017d).
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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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GRB 170817A - Basic information

"An ordinary GRB with extraordinary implications"

• GRBs brightest in 50-300 keV

• Triggered GBM: excess counts on
256 ms timescale

• Start: TGW+1.7 s ≈ TGRB-0.3 s

• Duration, T90= 2.0±0.5 s

• "By eye" it’s only 0.5 s long

• Main peak + soft component ∼ 1
to 2 s after trigger
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Joint discovery
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GRB 170817A - location - timeline
• TGW = TGRB - 2.02 s
• TGW+16 s: first public notice by flight software
• TGW+27 s: on-board localization and classification
• TGW+40 s: automatic on-ground localization
• TGW+40 min: LIGO reports GW trigger coinc. w GRB

• TGW+45 min: improved human-guided location
• Single IFO location consistent with GBM → good sign
• TGW+67 min: report GRB properties
• TGW+5 h: HLV map still consistent with GBM map

(that was when we knew they are surely associated)
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GRB 170817A - Significance of association

• Ptemporal = 5 × 10−6 • Pspatial = 10−2

P = 5 × 10−8 (5.3 σ)
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GRB 170817A - Is this a short GRB?

• Short - long divide (2 s ?)

• 3rd GBM GRB catalog

• T90 = 2.0 ± 0.5 s →conservative
(∼ 0.5 s + soft episode )

• 2 log-normals describe the
duration distribution

• Answer:
YES, short more likely (∼ 3:1)
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First direct evidence linking short GRBs to neutron star mergers
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Speed of gravity

• 130 million light-years
• ∆t = 1.74 ± 0.05 s
• ∆v = vg − vEM

• -10 s ≤ dt ≤ 1.7 s

−3 × 10−15 ≤ ∆v
vEM

≤ 7 × 10−16
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GRB 170817A - Isotropic-equivalent energy
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GRB 170817A - astrophysics - detectability
Observationally ordinary GRB. Redshift → subluminous by orders of
magnitude.

• Off-axis top hat jet (?)
• Off-axis structured jet
• Cocoon shock breakout (?)

• b = δD (θ = 0)/δD (θv − θj )

• E ONaxis
peak /E OFFaxis

peak = T OFF
90 /T ON

90 ∝ b; Eiso ∝ b−2

• Epeak = 6(b/30) MeV; T90 = 7 × 10−2(b/30)−1 s;

Eiso ∼ 5 × 1049(b/30)2 erg
• TOP hat jet doesn’t work

• 30 % dimmer: still triggered

• 60 % dimmer: offline search

• O3: 1-50 BNS/year (0.1-1.4 joint)

• Design: 6-120 BNS/year (0.3-1.7
joint)
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Prompt emission modeling when GRB is off-axis
Motivation: unusually subluminous
GRB. Ingredients:
• Large energy (E ∼ 1052 erg)

given to a small amount of
matter (M ∼ 10−5M⊙), in a
small volume
(R0 ∼ few × 2GM/c2)

• Matter starts expanding,
accelerating - jet forms

• Reaches final/ coasting
Lorentz factor,
Γ0 ∼ E/Mc2 ∼ 100.

• Photosphere, internal shocks
& external shocks

• Lorentz factor is a function of
velocity - Γ = 1/

√
1 − (v/c)2
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Prompt emission modeling when GRB is off-axis
Ingredients 2:
• Doppler factor δD = 1

Γ(1−β cos θ)

• Equal arrival time surface,
EATS: Have to sum all the
parts of the jet, for which the
emitted radiation reaches us at
some fixed Tobs. Remember
optically thin regime.

• Tobs = (1 + z)
(

t−Rµ
c

)
[µ = cos θ]

• Tip: Best to think of physical
quantities in terms of spatial
dim, time is less intuitive

• Fν(Tobs) =
1+z
DL

∫ 2π
0 dϕ

∫ 1
−1 dµ

∫∞
0 R2dR

j ′
ν′ (Ω

′
d ,r,t)

Γ2(1−β cos θ)2

ds

φ
α

Δθ

Source Detector

r
θ dθ

ds

D

φ

α

θ
v

Δθ

r

θ
dθ
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the prompt X-ray detection rate as a function of limiting
Ñux. In ° 2, we derive the expression for the Ñux as a func-
tion of viewing angle for a given geometry. In ° 3, we calcu-
late the X-ray detection rate for various values of c and *h,
and we compare the results with the rate observed by Ariel
5. In ° 4, we present our conclusions.

2. CALCULATION OF THE X-RAY FLUX

2.1. Emission from Optically T hin, Relativistically Moving
Material : General Case

It will be instructive Ðrst to calculate the observed Ñux for
the general case of emission from optically thin, rela-
tivistically moving material. In doing so, we closely follow
the analysis of Granot, Piran, & Sari (1998). Suppose we
have some optically thin material with rest-frame emissivity

measured in ergs s~1 cm~3 Hz~1 sr~1. Following fromjl{@ ,
considerations of Lorentz invariance (Rybicki & Lightman
1979), the lab-frame emissivity per frequency l is given by

jl \ jl{@
c2(1 [ bk

v
)2 , (1)

where c \ (1 [ b2)~1@2 is the local Lorentz factor, is thek
vcosine of the angle between the local velocity and the direc-

tion to the detector, and In general, is al@ \ lc(1 [ bk
v
). jl{@function of position, time, frequency, and direction ; we are

concerned only with photons that are emitted in the direc-
tion toward the detector.)

d
@

Let us use a spherical coordinate system r \ (r, h, /),
where the coordinates are measured in the lab frame ; let the
h \ 0 axis (z-axis) point toward the detector. Suppose the
detector is at a distance D from the source at the origin (see
Fig. 1). Furthermore, let a be the angle that a given ray
makes with the normal to the detector. The Ñux at the
detector, measured in ergs s~1 cm~2 Hz~1, is then given by

Fl \P
Il(a, /) d) \P

0

2n
d/
P
0

n
da sin a cos aIl(a, /) , (2)

where is the intensity along a ray incident on theIl(a, /)
detector in direction (a, /). We will consider only situations
in which the source is very far away, so that all rays come in
very nearly normal to the detector. Note that in this case,
a > 1, so sin a B a and cos a B 1 ; furthermore, the only

FIG. 1.ÈGeometry for calculating the Ñux received from a rela-
tivistically expanding source. Top panel shows the case of a jet aligned with
the line of sight ; bottom panel shows the case of an o†-axis jet.

signiÐcant contribution to the integral comes from a [
L /D > 1, where L is the size of the source. In the approx-
imation that a > 1, simple geometry gives

a \ r
D

sin h \ r
D

J1 [ k2 , (3)

where we have deÐned k 4 cos h. The equation of a ray
incident at angle a is thus

r \ aD
sin h , (4)

so the change in r corresponding to an increment in h along
the ray is given by

dr \ [aD
cos h
sin2 h dh . (5)

Therefore, the line element along a ray is given by

ds \ (r2dh2 ] dr2)1@2 \ aD
(1 [ k2)3@2 dk . (6)

For an optically thin medium, the contribution to the inten-
sity from a ray segment ds is Note that if thisdIl \ jl ds. dIlis received at the detector at time T , then it relates to the
emissivity at an earlier time t, due to the light-travel time.jlLet T \ 0 be the arrival time at the detector of a photon
emitted at the origin at t \ 0 ; inspection of the geometry in
Figure 1 gives

t \ T ] rk
c

. (7)

Combining equations (1), (2), (6), and (7) gives

Fl(T ) \ D
P
0

2n
d/
P
0

ama2da
P
~1

1
dk jlc(1~bkv)

@ ()
d
@ , r, T ] rk/c)

c2(1 [ bk
v
)2(1 [ k2)3@2 .

(8)

Here, where L is the projected size of the emittinga
m

\ L /D,
region ; is the direction toward the detector, as measured)

d
@

in the rest frame ; and r \ (r, h, /) \ [aD/(1 [ k2)1@2,
cos~1 k, /] is the lab-frame position vector.

Equation (8) is quite general ; if we can specify the rest-
frame emissivity perhaps from some physicaljl{@ ()

d
@ , r, t),

model of the radiative processes taking place, then we can
calculate the Ñux at the detector. Note that in general, c
(and therefore b) will be functions of r and t ; this depen-
dence can often be derived from hydrodynamical consider-
ations.

In the case of radial expansion, and we mayk
v
\ k,

switch integration variables from k to l@ and rewrite equa-
tion (8) as

Fl(T ) \ lD
cb
P
0

2n
d/
P
0

ama2da

]
P
lc(1~b)

lc(1`b) dl@
l@2

jl{@ M)
d
@ , r, T ][1[ (l@/cl)](r/bc)N

(1[M(1/b)[1[ (l@/cl)]N2)3@2 . (9)

2.2. GRB Emission from a Conical Section of an Expanding
Spherical Shell

Let us assume that the expanding material is conÐned to
a cone of opening half-angle *h and that the emission takes
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Prompt emission modeling when GRB is off-axis
Ingredients 3:

• Jet structure: need to specify jν(θ) and
Γ(θ). Usually assumed the same.
Alternatively dLν/dΩ

• Top hat:

Γ(θ) = 1+(Γ0−1)H(θ−θc) =

{
Γ0 θ < θc

1 θ > θc

• Gaussian:

Γ(θ) = 1 + (Γ0 − 1) exp(−(θ/θc)
2)

• Power law:

Γ(θ) = Γ0 ×
{

1 θ < θc

(θ/θc)
α θ > θc

H(x ) = 0 if x < 1, H(x ) = 1 if x > 0 (Heaviside function)
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Prompt emission modeling when GRB is off-axis

Model: jet turned on/off between
R1 & R2
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Shock breakout model for GRB 170817A

• Motivation: unusually
subluminous GRB.

• Idea borrowed from supernova
shock breakout

• Closure relation T90 =

1 s(E/1046 erg)1/2(Epeak/150 keV)−
9+

√
3

4

• Satisfied for GRB 170817A
• Unclear if this is the origin of
γ − rays, doesn’t work for
afterglow

• VLBI image - proper motion -
jet

First release: 16 October 2017  www.sciencemag.org  (Page numbers not final at time of first release) 14 
 

  

Fig. 5. Model schematics considered in this paper. In each panel, the eye indicates 
the line of sight to the observer. (A) A classical, on-axis, ultra-relativistic, weak short 
gamma-ray burst (sGRB). (B) A classical, slightly off-axis, ultra-relativistic, strong 
sGRB. (C) A wide-angle, mildly-relativistic, strong cocoon with a choked jet. (D) A 
wide-angle, mildly-relativistic, weak cocoon with a successful off-axis jet. 
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Figure 1: Proper motion of the radio counterpart of GW170817. The centroid offset posi-

tions (shown by 1� errorbars) and 3�-12� contours of the radio source detected 75 d (black)

and 230 d (red) post-merger with Very Long Baseline Interferometry (VLBI) at 4.5 GHz. The

two VLBI epochs have image RMS noise of 5.0 µJy beam�1 and 5.6 µJy beam�1 (natural-

weighting) respectively, and the peak flux densities of GW170817 are 58 µJy beam�1 and 48 µJy

beam�1 respectively. The radio source is consistent with being unresolved at both epochs. The

shape of the synthesized beam for the images from both epochs are shown as dotted ellipses to the

lower right corner. The proper motion vector of the radio source has a magnitude of 2.7 ± 0.3 mas

and a position angle of 86o ± 18o, over 155 d.
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Afterglow

• Rising afterglow - signature of
an off-axis geometry

• Unclear if Gaussian, Power
law or simulation-based

• Best way to get physical
parameters
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Figure S6: Comparison of the jet structure we derive with those from numerical simulations 
(thick solid and thick dashed grey lines, respectively from (54) and (55), as labeled) and with 
other analytical structures from the literature (dashed cyan and dot—dashed blue line for (7) and 
(13) respectively). Our best fitting models are shown by the red solid lines, with the pink shaded 
region representing the one-sigma uncertainty (i.e. values between the 16th and 84th percentile of 
those span by structures obtained from our MCMC posterior samples). The cyan dashed and blue 
dot-dashed lines represent the jet structures from (12) and (13) respectively, as labeled. (A) 
shows the jet kinetic energy per unit solid angle, while (B) shows the initial fluid Lorentz factor. 
No initial Lorentz factor is specified in the model of (12). 
 
 
 
Table S1. Results of our parameter estimation for the structured jet model.  

 
 

Parameter Best fitting value One sigma range 
Log(Ec/erg) 52.4 (51.7, 53.0) 

s1 5.5 (4.1, 6.8) 
Log(Γc) 2.4 (2.0, 2.9) 
s2 3.5 (1.8, 5.6) 

θc/deg 3.4 (2.4, 4.4) 
Log(εB) -3.9 (-5.4, -2.2) 

Log(n/cm-3) -3.6 (-4.3, -2.9) 
θv/deg 15 (14, 16.5) predicting burst/merger observability and understanding the

structure and composition of the merger wind and jet, the
polar profile of the outflow is highly debated. Analytic
functions ranging from Gaussian, power-law, and exponential
have been tested, and even numerical simulations do not provide
an unequivocal answer (Murguia-Berthier et al., 2014; Nagakura
et al., 2014; Lazzati et al., 2017b; Murguia-Berthier et al., 2017a;
Murguia-Berthier et al., 2017b; Duffell et al., 2018; Granot et al.,
2018a; Wu and MacFadyen, 2018; Xie et al., 2018; Geng et al.,
2019; Gill et al., 2019a; Kathirgamaraju et al., 2019; Hamidani
et al., 2020; Hamidani and Ioka, 2020; Murguia-Berthier et al.,
2020; Takahashi and Ioka 2020a; Takahashi and Ioka 2020b).

3 THE PROMPT EMISSION

Approximately 1.75 s after the GW chirp, a gamma–ray pulse was
observed by both the Fermi and INTEGRAL satellites from a
position compatible with the direction from which the GWs
arrived (Goldstein et al., 2017; Savchenko et al., 2017). The
pulse was made by an initial spike of about half a second
followed by a broader, less intense tail, for an overall duration
of ∼ 2 s. Two characteristics make this gamma-ray pulse different
from the population of previously observed SGRBs: it is markedly
less energetic than an average cosmological SGRB and, given its
energetics, it has a very high peak frequency (Fong et al., 2015). As a
matter of fact, the detection itself was surprising because the chance
of having a SGRB jet pointing along the line of sight for the first
GW-selected binary merger was expected to be small (Metzger and

Berger, 2012; Ghirlanda et al., 2016). That is because the amplitude
of the GWs depend only mildly on the orientation of the binary,
while the intensity of the radiation from a narrow, relativistic jet
drops quickly for any line of sight outside the jet itself. Such an
expectation was based, however, on the properties of a narrow jet
and not on the possibility that the jet-wind interaction would cause
a structured outflow to form. Predictions from models with
structured outflows had indeed shown that, for moderately large
off-axis angles, a detectable signal would be expected from a GW-
detected merger (Lazzati et al., 2017a; Lazzati et al., 2017b). A
similar effect might be responsible for X-ray flashes, when a long
duration GRB is seen off-axis (Yamazaki 2020, Yamazaki 2003).

The structured outflowmodel was successful at predicting that
a SGRB would be detectable even at large off-axis angles (Lazzati
et al., 2017a; Lazzati et al., 2017b). It correctly predicted the off-
axis burst energetics and its duration. It could also successfully
explain the detected delay between the GWs and the γ-rays. A
comparison between the Fermi data and the bolometric
photospheric emission (Lazzati et al., 2017b) is shown in the
left panel of Figure 2. The one aspect of GW170817 that cannot
be accounted for by the simple photospheric cocoon emission is
the γ-ray spectrum of the prompt emission. At least in first
approximation, the photosphere of an off-axis structured outflow
is expected to produce a thermal pulse with temperature (Lazzati
et al., 2017a; Lazzati et al., 2017b)
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FIGURE 2 | Left panel (A): the prompt emission of GW170817. The blue step-line shows the Fermi data (Goldstein et al., 2017), while the orange solid line is the
prediction from a theoretical simulation that assumes a structured outflow from the jet-wind interaction (Lazzati et al., 2017b). The radiation is assumed to be released at
the photosphere.Right panel (B): Afterglow of GW170817. Symbols with error-bars show observations in the radio, optical, and X-ray bands. Solid lines show the best
fit result for an afterglow model with a structured outflow and an observer located at θo ! 35° from the line of sight. Additional data at different radio frequencies
were used to constrain the model, but only two radio bands are shown for clarity. Adapted from Makhathini et al. (2020).
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Fig. 3. Multiwavelength light curves of GRB170817. Model curves are shown for the 
structured jet model (solid lines) and the choked jet cocoon with velocity profile (dashed lines). 
Models are parametrised as described in (27). Upper limits are shown by downward triangles. 
Data are taken from (13,14, 15, 35 including the optical detection of the afterglow of 
GRB170817A 36). The shaded grey vertical bar marks the date of our global VLBI observation. 
Data and model curves are shifted by multiplicative factors (given in the legend) for ease of 
display.  
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Explaining the time delay in GW/GRB 170817a
• ∆T = 1.74 ± 0.05 s
• Merger to BH formation
≲ 0.1 s

• BH formation to start of
accretion .01 s

• Jet start to borrow through the
dynamical ejecta ≲ 0.5 s

• Jet breakout from dyn. ej. to
place of gamma-ray emission
(R)

• T90 ∼ ∆T , both on the order
R/2Γ2c suggests jet travel
time dominant.

details: Zhang: The delay time of gravitational wave – gamma-ray burst
associations Front. Phys. 14(6), 64402 (2019)
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GW170817-GRB 170817A - scorecard
(errors omitted for clarity)

• DL = 40 Mpc
• Eiso = 3.1 × 1046 erg
• Liso = 1.6 × 1047 erg
• Epeak ∼ 200 keV
• T90 = 2.0 s
• Mtot = 2.74M⊙

• Ekin = 1049 erg
• θjet ∼ 5◦

• θview ∼ 15 − 30◦

• next = 10−2 cm−3

• Γ = 140 − 250
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Conclusion

• GW170817 - GRB 170817A observed
during Obsering run 2 (O2)

• No counterparts during O3
• Prompt emission origin: likely

structured jet, not settled yet
• Afterglow - likely structured jet
• Lot of excitement, interpretation

details still up in the air
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What happened to the central engine after the merger?
• Mtot = 2.74M⊙, remnant mass

Mremn ∼ 2.6M⊙

• Interesting because constraints
the central engine of GRBs.

• Black hole or neutron star
(magnetar) ?

• When did it collapse to BH?
uncertain, but no prompt collapse
to BH - kilonova too bright
(dynamical timescale
(Rs/GM)1/2 ∼ 10−5(M/2M⊙) s)

• Up for debate. Limits for HMNS,
SMNS depend on EoS, are close
to possible remnant mass

• Likely scenario HMNS formed for
10 ms (ejecta OK for KN)
collapsed to BH, powered jet

et al. 2014; Bauswein & Stergioulas 2015; Bauswein
et al. 2016). Searches on timescales of tens of ms to 1500 s
post-merger revealed no evidence for such quasi-periodic
oscillations in GW170817(LIGO Scientific Collaboration &
Virgo Collaboration 2017).

While the radii of NS are controlled by the properties of the
EOS at approximately twice the nuclear saturation density, the
maximum stable mass (Lattimer & Prakash 2001), Mmax instead
depends on the very high-density EOS (around eight times the
saturation density; Özel & Psaltis 2009). Observations of two
pulsars with gravitational masses of o :M1.93 0.07 (Demorest
et al. 2010; Özel & Freire 2016) or o :M2.01 0.04
(Antoniadis et al. 2013) place the best current lower bounds.
However, other than the relatively unconstraining limit set by
causality, no firm theoretical or observational upper limits exist
on Mmax. Indirect, assumption-dependent limits on Mmax exist
from observations of short GRBs (e.g., Lasky et al. 2014; Fryer
et al. 2015; Lawrence et al. 2015; Piro et al. 2017) and by
modeling the mass distribution of NSs (e.g., Antoniadis
et al. 2016; Alsing et al. 2017).

Despite the large uncertainties on Mmax, it remains one of the
most important properties affecting the outcome of a BNS
merger and its subsequent electromagnetic (EM) signal
(Figure 1). If the total binary mass Mtot exceeds a critical
threshold of xM kMth max, then the merger product undergoes
“prompt” dynamical-timescale collapse to a black hole (BH;
e.g., Shibata 2005; Shibata & Taniguchi 2006; Baiotti
et al. 2008; Hotokezaka et al. 2011), where the proportionality
factor k ≈ 1.3−1.6 is greater for smaller values of the NS
“compactness”, � ( )C GM c Rmax max

2
1.6 , where R1.6 is the

radius of a 1.6Me NS (e.g., Bauswein et al. 2013). For
slightly less-massive binaries with 1M Mtot th, the merger
instead produces a hyper-massive neutron star (HMNS), which
is supported from collapse by differential rotation (and,
potentially, by thermal support). For lower values of

1M M1.2tot max, the merger instead produces a supramassive

neutron star (SMNS), which remains stable even once its
differential rotation is removed, as is expected to occur
1 –10 100 ms following the merger (Baumgarte et al. 2000;
Paschalidis et al. 2012; Kaplan et al. 2014). A SMNS can
survive for several seconds, or potentially much longer, until its
rigid body angular momentum is removed through compara-
tively slow processes, such as magnetic spin-down. Finally, for
an extremely low binary mass, 1M Mtot max, the BNS merger
produces an indefinitely stable NS remnant (e.g., Bucciantini
et al. 2012; Giacomazzo & Perna 2013). Figure 2 shows the
baryonic mass thresholds of these possible BNS merger
outcomes (prompt collapse, HMNS, SMNS, stable) for an
example EOS as vertical dashed lines.
The different types of merger outcomes are predicted to

create qualitatively different electromagnetic (EM) signals
(e.g., Bauswein et al. 2013; Metzger & Fernández 2014). In
this Letter, we combine EM constraints on the type of remnant
that formed in GW170817with GW data on the binary mass in
order to constrain the radii and maximum mass of NSs.

2. Constraints from EM Counterparts

This section reviews what constraints can be placed from
EM observations on the energy imparted by a long-lived NS
into the non-relativistic KN ejecta (Section 2.1) and into the
relativistic ejecta of the GRB jet (Section 2.2). Then in
Section 2.3 we describe the implications for the type of
remnant formed.

2.1. Kilonova (Non-relativistic Ejecta)

Two sources of neutron-rich ejecta, capable of synthesizing
r-process nuclei, accompany a BNS merger (Fernández &
Metzger 2016). First, matter is ejected on the dynamical
timescale, either by tidal forces (e.g., Ruffert et al. 1997;
Rosswog et al. 1999; Radice et al. 2016) or by shock heating at
the interface between the merging NSs (e.g., Oechslin

Figure 1. The strength of the red and blue KN signatures of a BNS merger depends upon the compact remnant that forms immediately after the merger; the latter, in
turn, depends upon the total mass of the original binary or its remnant, Mtot, relative to the maximum NS mass, Mmax. A massive binary ( 2 –M M1.3 1.6tot max) results in
a prompt collapse to a BH; in such cases, the polar shock-heated ejecta is negligible and the accretion disk outflows are weakly irradiated by neutrinos, resulting in a
primarily red KN powered by the tidal ejecta (left panel). By contrast, a very low-mass binary 1M M1.2tot max creates a long-lived SMNS, which imparts its large
rotational energy 21052 erg to the surrounding ejecta, imparting relativistic expansion speeds to the KN ejecta or producing an abnormally powerful GRB jet (right
panel). In the intermediate case, 1 1 –M M M1.2 1.3 1.6max tot max a HMNS or short-lived SMNS forms, which produces both blue and red KN ejecta expanding at
mildly relativistic velocities, consistent with observations of GW170817.
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